We have investigated mesoderm induction in zebra®sh employing the zebra®sh LTR-retroelement bhikhari (bik). bik elements are transcribed in all early mesendodermal cells. This expression pattern is generated by a promoter located in the U3 region of the LTR. We show that bik is activated through the activin/Vg1 signaling pathway in an immediate early fashion. This activation critically depends on a sequence motif that occurs among others also in the Xenopus Mix2 activin response element (ARE). It has been shown that the Mix2 ARE binds FAST-1, which complexes with Smad proteins to form a multi-protein complex. We con®rm that also the bik ARE can be bound by FAST-1 in vitro. In animal cap experiments we demonstrate that this binding site is required for activin-induced transcriptional activation mediated by FAST and Smad-type proteins. q
Introduction
Ever since the seminal experiments by Mangold and Spemann in the ®rst half of this century (Spemann and Mangold, 1924) , one of the most intensively studied inductive events in vertebrate embryogenesis is the formation of the mesoderm. In amphibians, mesoderm is induced in the marginal zone of blastula stage embryos by signals emanating from the vegetal blastomeres. The precise nature of the in vivo inducing factor(s) is still unresolved. Nevertheless, three members of the TGF-b superfamily of signaling molecules, activin, a processed form of Vg1 (BVg1) and nodal have been demonstrated in ectodermal explant assays to possess the capacity to induce the full spectrum of mesodermal tissues (reviewed by Harland and Gerhart, 1997; Heasman, 1997) . However, in whole embryos only BVg1 can induce a complete secondary body axis and thus replace Spemann's organizer as a single molecule. While it has not been reported whether Nodal protein is maternally deposited in oocytes of lower vertebrates, mRNA for a nodal-like gene (squint/ndr1) is present in zebra®sh oocytes (Rebagliati et al., 1998) . Mutational loss of zygotic nodal expression leads to a complete loss of embryonic mesodermal tissues in mouse and zebra®sh (Zhou et al., 1993; Feldman et al., 1998) .
Activin, Vg1 and/or nodal signaling leads to transcriptional activation of mesoderm-speci®c effector genes. The initial steps of the activin signaling cascade are typical of TGF-b pathways (reviewed by Massague Â, 1998; Whitman, 1998) , where a TGF-b superfamily molecule acts as an adapter to mediate the association of Type II and Type I receptor molecules into a hetero-oligomeric complex. This association results in phosphorylation of Type I receptors by the constitutive serine/threonine kinase activity of Type II receptors. This in turn activates the serine/threonine kinase activity of the Type I receptor. The Type I receptor phosphorylates pathway-restricted Smad proteins on two Cterminal serine residues, which induces them to associate with the common mediator Smad4 (reviewed by Heldin et al., 1997) . In the case of the activin signaling pathway, both activin and BVg1 have been demonstrated to trigger the process (Huang et al., 1995) by associating with Act-RII or Act-RIIB and the Type I receptor, ALK-4 (Act-RIB). ALK-4 phosphorylates Smad2 (and, possibly, also Smad3), which then associates with Smad4 and translocates into the nucleus. In the nucleus, Smad4 contributes to DNA binding and transactivation (Liu et al., 1997 ) by a complex formed by the two Smads with the winged helix DNA binding protein FAST-1 on the DNA (Chen et al., 1996 (Chen et al., , 1997 Liu et al., 1997) . FAST-1 was isolated on the basis of its speci®c association with a 51 bp fragment of the Xenopus Mix2 promoter known as the Mix2 activin response element (ARE). This element was shown to be required for the assembly of an activin response factor (ARF), a complex now known to contain Smad2, -4 and FAST-1 and to be suf®cient to confer activin responsiveness to a minimal promoter (Huang et al., 1995) . The consensus binding site for FAST proteins (5 H -TGT(G/T)(T/G)ATT-3 H ) was determined for a human and a mouse protein closely related to Xenopus FAST-1 (Labbe Â et al., 1998; Zhou et al., 1998) . This sequence is present in the Mix2 ARE and mutation of G at position 2 is suf®cient to eliminate binding of the ARF (Chen et al., 1996) . In addition to FAST proteins, Smad 3 and Smad 4 can also directly bind DNA with the consensus site for a monomer being GTCT (Shi et al., 1998; . In cultured cells, both the mouse goosecoid promoter as well as a consensus FAST-binding site require the presence of a neighboring Smad binding site for the FAST-mediated response to a TGF-b signal (Labbe Â et al., 1998; Zhou et al., 1998) . However, it is not clear whether the requirement of FAST and Smad binding sites for mesoderm induction is universal, especially since Smads can form complexes with a number of transcription factors other than FAST-1 (Derynck et al., 1998 and references therein) .
We chose to investigate mesoderm formation in the zebra®sh since it is a readily accessible system both by genetic approaches and by manipulations of early embryos. The early mesoderm-speci®c expression pattern of the zebra®sh LTR-retroelement bhikhari, the isolation and characterization of which we report, provided the entry point for our studies. Bhikhari (bik) shows some features of an LTR-retroelement. This class of repetitive elements is de®ned by the possession of direct Long Terminal Repeats (LTRs) that have a characteristic structure resulting from the transposition via an mRNA intermediate (reviewed in Arkhipova et al., 1995) . The LTRs are composed of a U3 region, a central R region and a U5 region. The U3 region acts as a promoter, while R and U5 regions have functions during the replication of LTR-retroelements by reverse transcription and integration into the host genome. The LTRs ank an internal region coding for structural and regulatory proteins. Many Drosophila retrotransposons are expressed tissue-speci®cally during embryonic and larval development. This expression pattern is controlled by sequences located in cis, on the retrotransposon proper, but not necessarily solely on the LTRs (Ding and Lipshitz, 1994; Mozer and Benzer, 1994; Bro Ènner et al., 1995) . In agreement with these results, we demonstrate that the U3 region of bik can drive expression of reporter genes in a pattern that reproduces the mesoderm-speci®c expression pattern of endogenous bik elements. This establishes the bik U3 region as a short and de®ned promoter. We used this accessible system to study mechanisms of mesoderm induction and patterning in zebra®sh at the transcriptional level. We demonstrate that stimulation by the activin signaling pathway alone is suf®-cient for the early mesoderm-speci®c expression of bik. This stimulation appears to involve the same protein and DNA components as in the case of the Mix2 ARE, including FAST and Smad factors.
Results

Isolation of bhikhari
In an attempt to isolate previously unknown genes functioning during zebra®sh embryogenesis, we designed a screen for developmentally regulated genes based on differential mRNA display (Liang and Pardee, 1992) . RNA samples from six time points during the ®rst day of development were used for differential display. PCR ampli®cates that showed a temporally differential pattern were isolated and used for in situ hybridization to a mix of embryos from the same stages as the original RNA samples. Ampli®cates that showed also spatially differential expression were further characterized.
In pilot experiments two ampli®cates derived from the same mRNA encoding a protease (Cathepsin L) hybridized strongly and speci®cally to the anteriormost mesendoderm and subsequently to the hatching gland (Vogel and Gerster, 1997) . A third ampli®cate (initially termed BV2) showed hybridization to the entire forming mesendoderm (see below). Plaques (150 000) of a neurula stage lZAPII cDNA library were screened using the cloned BV2 PCR product as a probe. Thirty plaques hybridized to the probe, indicating a high level of representation (approximately 1 in 5000) of BV2-related sequences in this library. Sequencing the 5 H termini of several cDNAs did not reveal a signi®cant open reading frame. Subsequent screening of a random primed cDNA library failed to identify cDNA clones covering the entire length of the major BV2 transcript of about 8.5 kb (see below). We therefore screened 500 000 plaques of a zebra®sh genomic library, representing 2.5±5 haploid genomes. Using several cDNA subfragments as probes, the same ca. 500 plaques repeatedly hybridized. This indicates that BV2 mRNA is transcribed from a repetitive element that is present at about 100 copies per haploid genome. We named this element bhikhari (bik: Hindi for`beggar'). Southern hybridization on genomic DNA con®rmed that bik is indeed a repetitive element. Both the original cloned BV2 PCR ampli®cate as well as a BV2 cDNA detect a ladder of hybridizing fragments (Fig.  1A ). An overproportionally strong band of approximately 8 kb was detected when the genomic DNA was digested by EcoRI.
The sequence of the repeat shows features of a long terminal repeat
Seven randomly selected phages isolated in the screen of the genomic library were digested with either HindIII or PstI and subjected to Southern hybridization with a bik 3 Hterminal cDNA probe. One genomic phage, BV2g1, was found to contain two hybridizing fragments per digest, separated by at least 4.5 kb of internal sequences (data not shown). Thus, this particular phage contained two repeats, possibly long terminal repeats.
Both hybridizing fragments of the genomic phage BV2g1 were ®ne mapped, subcloned and sequenced. They proved to contain nearly identical sequences (only six mismatches over 1714 bp) and were arranged in the same orientation. Aligning the genomic sequences with each other and additionally with a 3 H cDNA sequence revealed sequence features characteristic for LTRs (Fig. 1C) , however of an unusually large size. While most LTRs have a length of around 300±500 bp (Arkhipova et al., 1995) , the bik repeats span 1714 bp. As is the case for other retroelements, a direct repeat of four base pairs at the distal ends of the bik element on phage BV2g1 marks the integration site. Each individual LTR is¯anked by a four base pair inverted repeat, 5 H -TGTA-3 H . Immediately upstream of the 3 H LTR, a 9-bp purine rich stretch is found, presumably corresponding to the (1)-strand primer binding site (Arkhipova et al., 1995) . A canonical AATAAA polyadenylation signal is located at position 1416 of the LTR. The polyadenylation site corresponding to the boundary between the R and the U5 region was mapped to position 1437 by comparison to the cDNA sequence. The transcription initiation site de®ning the boundary between the U3 and the R region, as determined by S1 nuclease mapping and by primer extension (data not shown), is located at position 762. Thus, bik LTRs contain an unusually long (675 bp) R region. Transcription starts at a position predicted to be a strong initiator site (Kraus et al., 1996) downstream of a canonical TATA box and a CCAAT box in reverse orientation.
We subsequently sequenced the body of the bik element on phage pBV2g1. The length of the entire element on this particular phage is 8691 bp with a calculated size of 7.9 kb for the polyadenylated transcript. Despite the structural similarity of the LTRs to those of retroelements the internal bik sequences do not show characteristics of such a close relationship. The only prominent feature of the internal sequences of the element is a 1851 bp open reading frame (ORF) in the 3 H part of the element (Fig. 1C) . The peptide encoded by this internal ORF is unrelated to any currently available sequence and, importantly, bears no resemblance to canonical retroviral proteins like reverse transcriptase. Thus, bik cannot be assigned to any presently known class of LTR-retroelements.
A large population of transcripts is generated from bhikhari elements
The transcripts generated from the bik elements were analyzed by Northern hybridization (Fig. 1B) . Transcripts are absent from maternal RNA in the ovary and zygote but appear at the onset of zygotic transcription. Two major transcripts of approximately 8 and 0.9 kb were detected. The 8 kb transcript corresponds to the full-length bik message. The shorter species probably corresponds to a polyadenylated transcript covering only the R-region. In other LTR-retroelements, the R region is usually shorter than 80 bp so that the polyadenylation signal on the 5 H LTR is ignored due to the proximity to the promoter. This appears not to be the case for bik, where the R region is unusually long. In addition, a smear of hybridizing RNAs of sizes between more than 12 kb and less than 500 nt was detected. This transcript population is probably derived from genomic DNA¯anking 3 H or solo LTRs. The existence of such solo LTRs has been reported for the Xenopus retrotransposon 1A11 (Greene et al., 1993) but has not been determined in the case of bik.
We have tested various zebra®sh strains for bik expression, including AB, Tu È and our local ®sh stock; all lines express bik. These results, and the presence of bik-related sequences in all the libraries we have screened, indicate that bik elements are integral parts of the zebra®sh genome.
bhikhari is expressed in the entire forming mesendoderm
bik transcription is initiated at the midblastula stage within the same 35 min as that of the panmesodermal marker ntl (Fig. 4A ). At the late dome stage, bik expression is initiated in cells of the vegetal blastoderm margin ( Fig.  2A) . Expression is transiently stronger at one side of the embryo, presumably corresponding to the future dorsal side. Remarkably, bik-expressing cells are located at some distance, rather than close to the yolk syncytial layer (YSL; Fig. 2B ), which is known to be a source of mesoderm-inducing signals (Mizuno et al., 1996) . From this time point until the end of epiboly, bik is expressed in all cells of the early mesendoderm ( Fig. 2C±F,H) . bik transcripts are detected in all cells of the hypoblast, including dorsoanterior mesoderm expressing goosecoid, as well as ventrolateral and notochord cells positive for lim-1 (Fig. 2F and data not shown). In addition, bik is expressed in enveloping layer (EVL) and epiblast cells at the circumference of the germ ring ( Fig. 2D) where cells ingress into the hypoblast (Kimmel et al., 1995) , and in the dorsal forerunner cells (data not shown). After the completion of epiboly, bik expression in the axial and paraxial mesoderm decreases from anterior to posterior, with the exception of an expression domain in the anteriormost head mesoderm (Fig. 2F,G) . Expression in paraxial mesoderm persists well until somites have formed but eventually disappears from older somites (Fig. 2F ). bik keeps on to be expressed in the tail bud hypoblast and EVL until tail formation is completed at around 26 h of development (Fig. 2H ).
bhikhari expression domains outside the posterior mesendoderm
In addition to the prominent expression of bik in the nascent mesendoderm, during early somitogenesis two other domains of staining were detected which might be lineage-related to earlier mesendodermal expression domains. The anteriormost head mesoderm expresses bik from gastrulation through early somitogenesis stages, while bik expression disappears posterior to the polster (Fig. 2E,F) . By about the 10 somite stage, bik expression is still found in the anterior head, but now on its surface, where it can be detected until at least the 16 somite stage (Fig. 2G ). We do not know whether these super®cial, bikpositive cells are related by lineage to the head mesodermal cells expressing bik earlier in development.
A second domain of bik expression outside the nascent mesendoderm is detected at 26 h in two streaks of cells just overlying the yolk at the level of somite 1±3. These stripes form a caudally pointing V-®gure (Fig. 2I ,M). Probably these cells are derived from two bilateral patches of weakly bik-positive cells located in the lateral mesoderm anterior to bik expressing somitic mesoderm at the 10 somite stage (Fig. 2F ). bik expression in this tissue remains weaker and more variable than in the early mesendoderm. By day 2 of development, the bilateral stripes of bik have fused medially and follow the asymmetric outline of the gut (data not shown). At 3.5 days bik expression is found along the length of the intestine between a sharp anterior boundary at the level of the ®ns and the anus posteriorly. Sections of stained embryos reveal that the bik-positive cells are found in a single layer surrounding the gut epithelium anterior to the stomach and underlying it more posteriorly (Fig. 2J±L ).
These cells probably delineate the splanchnic mesoderm. As bik expression in the early mesendoderm is altered in spadetail (spt) and no tail (ntl) mutant embryos (A.M.V. and T.G., in preparation), we investigated its expression in the presumptive splanchnic mesoderm in crosses between two doubly heterozygous ntl 1/2 ;spt 1/2 ®sh ( Fig. 2M±P) . At 28 h bik expression is reduced or even undetectable in spt 2 embryos (Fig. 2O ). In ntl 2 ;spt 2 double mutant embryos, bik expression is entirely undetectable (Fig. 2P ). Unexpectedly, ntl 2 embryos do not show a reduction of bik expression. Instead, we observe bilateral ectopic bik staining in the lateral plate mesoderm. The medial bik expression domains appear shorter and wider than in wildtype siblings (Fig. 2N ).
Reporter constructs containing the bhikhari U3 region reproduce the early bhikhari expression pattern
Results from Drosophila indicate that the expression pattern of retrotransposons is governed solely by sequence elements contained within the retrotransposon proper (Ding and Lipshitz, 1994; Mozer and Benzer, 1994; Bro Ènner et al., 1995) . In order to test whether bik expression is controlled by internal or additionally also by¯anking sequences we constructed reporter plasmids in which the U3 and a part of the R region were inserted upstream of a GFP (data not shown) or a b-galactosidase reporter gene (Fig. 3 ). Embryos injected with such a plasmid expressed the lacZ reporter gene indicating that the bik U3 region indeed contains a functional promoter. (Expression is mosaic due to uneven segregation of the injected plasmids during cleavage.) The expression pattern of the reporter genes recapitulated the expression pattern of the endogenous bik elements. Expression was ®rst detected at the late blastula stage (Fig. 3A) albeit less restricted to marginal blastomeres than the transcripts from the endogenous bik elements. After the onset of gastrulation, the reporter genes were expressed mostly in the Anterior to the stomach, the most anterior site of expression, bik-expressing cells surround the gut (J), while they underlie it at the levels of the stomach/swim bladder (K) and the yolk tube (L). Insets show overview of the section; n, notochord; y, yolk; anterior is towards the viewer, the left side of the embryo is right on the images. Super®cial staining is due to overstaining of this specimen. (M±P) Dorsal views of 28 h embryos. Genotype is indicated; expression is expanded in ntl 2 , reduced in spt 2 and absent in ntl 2 ;spt 2 double mutants. hypoblast (Fig. 3B±D) . The restriction to mesodermal lineages was also evident if expression of the reporter genes was studied at 24 h (Fig. 3E,F) . Most likely at this time, the stable reporter proteins were still present even though endogenous bik mRNA had mostly disappeared. Alternatively, reporter mRNA might still be present due to higher stability or even ongoing transcription. In a large percentage of the injected embryos, somites showed reporter gene expression while the brain and the spinal cord were devoid of expression. If reporter gene expression was detected in the head, it was mostly located in the head mesoderm or in blood cells. The recapitulation of the bik expression pattern by the reporter constructs was not completely faithful. Most notably, at 24 h strong reporter gene expression was often detected in the yolk syncytium. This phenomenon has also been observed with other reporter constructs containing entirely different promoters (P. Spaniol, A.M.V. and T.G., unpublished data) and is likely to be an injection artifact. Furthermore, injected embryos expressed the reporter constructs, especially at earlier stages, also in some scattered cells in regions where no bik expression is detected by in situ hybridization although some basal bik expression outside the presumptive mesendoderm was detected by RT-PCR (cf. below). Aberrant reporter gene expression was very likely due to a combination of the basal promoter activity of bik and a high concentration of injected reporter plasmid. The extrachromosomal location of the reporter construct may have as well contributed to this slightly relaxed expression speci®city. Nevertheless, our results suggest that all elements necessary for the tissue-speci®c expression of bik are in fact located in the U3 region of the LTR.
bhikhari transcription is an immediate early response to activin
Signaling molecules of the FGF and TGF-b families have been shown to induce mesoderm in vertebrate embryos (reviewed by Harland and Gerhart, 1997) . To test the responsiveness of bik to mesoderm inducing factors, zebra®sh ectodermal explants (animal caps) were cultured in the presence of bFGF and/or activin. Subsequently, they were assayed for expression of bik and ntl mRNA by multiplex RT-PCR. ntl has previously been shown to be responsive to activin in zebra®sh (Schulte-Merker et al., 1992) , while its response to FGFs has not been reported to date. ntl expression was stimulated both by bFGF and activin (Fig. 4B , lanes 1±4), like it has been shown previously for its Xenopus homolog Xbra (Smith et al., 1991) . In this assay, the expression of bik was robustly stimulated by activin over its low basal expression level (Fig. 4B, lanes 3 and 4) . Consistent with this result, overexpression of zebra®sh activin bB leads to widespread bik expression throughout whole early gastrula stage embryos, with the exception of the yolk cell (data not shown). In contrast, bik expression in animal caps was not responsive to the addition of bFGF (Fig. 4B , cf. lanes 1 and 2). Furthermore we observed that expression of a dominant negative FGF receptor (Amaya et al., 1991) in whole embryos did not affect the level of bik expression at concentrations that severely impaired tail formation (data not shown).
A detailed temporal analysis indicated that initiation of bik expression occurs at the same time as that of ntl (Fig.  4A) . Xbra has been shown to be induced by bFGF and activin in an immediate early response to mesoderm inducing factors, i.e. the response did not require de novo protein synthesis (Smith et al., 1991) . We therefore investigated in zebra®sh whether bik responds in the same manner to mesoderm inducing factors. Indeed, we found that the responses of ntl and bik to activin and bFGF are not altered if translation is blocked by the addition of cycloheximide to cultured animal caps (Fig. 4B, lanes 5±8 ).
Components of the Smad2/FAST-1 pathway are involved in the stimulation of bhikhari expression
We next investigated whether Smad factors are involved Response of bik and ntl to mesoderm inducing factors in animal cap assays. Basal bik expression is detected in most lanes where reverse transcription (RT) was performed. Expression is stimulated by activin both in the absence (lane 3) and the presence (lane 7) of cycloheximide (CHX). bFGF does not stimulate bik expression (lanes 2, 6). As expected, expression of ntl is stimulated by bFGF (lanes 2, 6) and activin (lanes 3, 7), irrespective of the presence of CHX. Simultaneous addition of bFGF and activin to the medium does not further enhance expression of bik or ntl (lanes 4, 8) .
in transducing the activin-type signal to the bik promoter. In Xenopus embryos, as well as in cultured mammalian cells, Smad2 and Smad4 associate with FAST-1 in the nucleus upon stimulation of the activin pathway and form a complex on the Mix2 activin response element (ARE) (Chen et al., 1996; Liu et al., 1997) . The domain of FAST-1 that interacts with Smad2 and 4 has been determined. Overexpression of this FAST-1 Smad Interaction Domain (SID) blocks Xbra activation in activin-treated Xenopus animal caps (Chen et al., 1997) . We injected synthetic mRNA for epitope-tagged FAST-1 SID into single blastomeres of 2-to 8-cell embryos and investigated bik expression at the early gastrula stage in whole embryos (Fig. 5) . Expression of bik was absent from its normal position wherever FAST-1 SID protein was detected. This resulted in a complementary distribution of FAST-1 SID protein and bik transcripts. Thus, similarly as for Xbra in Xenopus, FAST-1 SID abolishes bik expression in zebra®sh. This suggests that the activin signaling pathway involving Smads 2 and 4 might be conserved both between Xenopus and zebra®sh and between Xbra and bik.
A sequence element similar to the Xenopus Mix2 ARE is required for activin responsiveness of bhikhari
Sequence comparison of the bik U3 region with the previously characterized ARE of the Xenopus Mix2 gene (Huang et al., 1995) revealed a region of sequence similarity at position 273±303 of the LTR. In particular, this sequence stretch contains a canonical binding site for FAST proteins, as determined for human FAST-1 and mouse FAST-2 (Labbe Â et al., 1998; Zhou et al., 1998) . In order to investigate whether this sequence element also mediates the response of bik to activin signaling, we constructed the reporter plasmid, Bglo 1239, in which the bik U3 region drives expression of a rabbit b-globin reporter gene. Animal caps were prepared from embryos that were injected with the reporter constructs at the 1±2 cell stage. Expression of the reporter gene in response to activin was then assayed by RT-PCR. In this in vivo assay, expression of the globin reporter gene faithfully reproduces the immediate early activin response of the endogenous bik elements (Fig. 6B, lanes  2±4 ). In addition to the wild type reporter construct, two variant reporter plasmids were generated in which either one (FAST m1) or three (FAST m2) base pairs of the putative FAST binding site were mutated. The mutated constructs were injected into zygotes and assayed for their response to activin in animal caps. Both the FAST m1 (Fig.  6B , lanes 5 and 6) and the FAST m2 reporter construct (Fig.  6B , lanes 7 and 8) were found to be completely unresponsive to activin stimulation. This result con®rms that the FAST binding site is essential to mediate the bik response to activin signaling in vivo.
FAST-1 binds speci®cally to the bik ARE in electrophoretic mobility shift assays
In order to investigate whether the same protein is capable of binding to the ARE of the Xenopus Mix2 gene and to the bik ARE we expressed a myc-tagged version of FAST-1 (Chen et al., 1996) in a rabbit reticulocyte lysate. This protein speci®cally bound a 33 bp long probe of the bik ARE including the putative FAST binding site (Fig.  6C) . The speci®city of the interaction between myc-FAST-1 and the bik ARE was demonstrated by further retardation of the migration of this complex upon addition of a monoclonal antibody directed against the myc epitope. A control lysate programmed with an N-terminal deletion of FAST-1 removing the DNA-binding domain (myc-SID) was not able to bind the probe at a high level. To further demonstrate that FAST-1 binds speci®cally to the bik ARE we used also the FAST m2 mutant oligonucleotide as a probe in EMSA. FAST-1 binding to the FAST m2 oligo was strongly impaired. This ®nding was corroborated by competition experiments in which an excess of unlabeled oligonucleotides spanning either the bik or Mix2 AREs prevented FAST-1 binding to the labeled probe. In contrast, an excess of oligonucleotides containing either the FAST m1 or FAST m2 mutations in the bik ARE or containing an unrelated sequence did not interfere with binding of FAST-1 to the labeled bik probe. In control experiments, the in vitro expressed myc-FAST-1 bound also to the Mix2 ARE (Fig. 6C) . Similar to the situation with bik, the Mix2 complex could as well be supershifted with the anti-myc antibody.
Discussion
bhikhari is a zebra®sh LTR-retroelement expressed in early mesendodermal cells
In this paper we report the isolation and molecular characterization of a repetitive element, termed bhikhari (bik). While other types of repetitive elements with a potential for transposition have been described in zebra®sh (references in Ivics et al., 1997) bik is the ®rst example of a putative retroelement in the zebra®sh. bik elements are an integral part of the zebra®sh genome and are present at an intermediate copy number of about 100 per haploid genome. We show that bik contains unusually large Long Terminal Repeats. Investigation of internal sequences did not reveal further features characteristic of retroelements, such as a reverse transcriptase gene. We have studied in detail just one genomic phage containing bik-related sequences. However, the 5 H termini of several cDNAs from our library screens, as well as a zebra®sh EST in the database (Accession no. AA495 183) all show a high degree of sequence similarity to the body ± including the ORF ± of the bik element we investigated (A.M.V. and T.G., unpublished data). Since these cDNAs are presumably derived from other bik elements than the particular copy we have analyzed in detail, we suppose that the described unusual organization is representative of bik retroelements.
bik elements are strongly expressed in all mesendodermal cells throughout their early development. bik is thus an excellent marker for this tissue. Later in development, bik Control stimulation of bik expression by activin is normal. (C) FAST-1 binds speci®cally to the bik ARE in an electrophorectic mobility shift assay. Probes as indicated on the bottom were incubated with in vitro translated full-length FAST-1 fused to a myc epitope tag (myc-FAST-l) or a control N-terminal deletion variant that lacks the DNA binding domain, also fused to a myc epitope tag (myc-SID). Competitor oligonucleotides were added as indicated on top. A binding activity with a speci®city similar to that of FAST-1 is present at the same position as the speci®c FAST-1 band. This activity present in the reticulocyte lysate is also detected in control lanes incubated with myc-SID. As expected, myc-FAST-1 forms a supershiftable complex with the Mix2 ARE, while the unspeci®c binding activity is not supershifted. Myc-FAST-1 also binds to a wild type bik ARE in a complex that can be supershifted by the addition of an anti-myc antibody. Speci®city of the interaction is demonstrated by the addition of an excess of unlabeled competitor oligonucleotides. Wild type bik ARE and Mix2 ARE oligonucleotides ef®ciently compete for myc-FAST-1 binding, while oligonucleotides containing one (ml) or three (m2) mutated base pairs in the ARE or an unrelated oligonucleotide (ntl BS) do not. Accordingly, myc-FAST-1 does not bind to a bik ARE m2 oligonucleotide probe.
expression is detected in a unique domain in the anterior trunk lateral mesoderm and subsequently in cells lining the gut epithelium. These cells are probably part of the splanchnic mesoderm, which will give rise to connective tissue and muscle surrounding the gut. This expression domain of bik is altered by mutations in the T-box transcription factor genes ntl and spt (Schulte-Merker et al., 1992; SchulteMerker et al., 1994; Grif®n et al., 1998) . bik expression is expanded into lateral plate mesoderm in ntl 2 embryos, while spt 2 and spt
2
;ntl 2 show a strong reduction of bik expression. The observed phenotypes could be explained by a repressive in¯uence of the notochord on neighboring lateral plate mesoderm, as it has been invoked for suppression of cardiac fate more anteriorly in this tissue (Goldstein and Fishman, 1998) . In ntl 2 mutant embryos, which lack a differentiated notochord (Halpern et al., 1993) , this repression is missing and bik expression is expanded. The notochord domain is expanded in spt 2 mutant embryos (Warga and Nu Èsslein-Volhard, 1998) and consequently, bik is repressed. Additionally, the cell migration phenotype in spt 2 leads to an absence of bik-expressing cells that could express bik, like it is also observed for myoD expression in the trunk (Weinberg et al., 1996) . Finally, spt 2 ;ntl 2 double mutant embryos lack most or all mesoderm and thus also the cells that could express bik.
The transcription of bik elements during embryogenesis implies that a tissue-speci®c promoter controls their expression. By introducing a bik U3 region upstream of various reporter genes into zebra®sh embryos we demonstrate that this region has in fact promoter activity. Moreover, these experiments show that all the sequences necessary for early mesendoderm-speci®c expression of bik are present in cis on the retroelement proper. Since the comparatively short U3 region of bik represents a de®ned model in which to study mechanisms of mesoderm induction in zebra®sh at the transcriptional level we have subsequently focused on the characterization of the relevant regulatory elements.
bhikhari expression is stimulated by activin
We have demonstrated that bik transcription is a direct target of the activin signaling pathway. Overexpression of activin in whole embryos leads to widespread bik expression at the early gastrula stage whereas blocking the activin signaling pathway by overexpression of FAST-1 SID abolishes bik expression. Exposure of animal caps to soluble activin induces bik transcription in the absence of protein synthesis. In contrast, bik expression is not stimulated by exposure of animal caps to bFGF. Similarly, inhibition of the FGF pathway through overexpression of a dominant negative FGF receptor does not block bik expression. Even though FGF signaling is required for the correct formation of mesoderm in vivo (Amaya et al., 1991) , only a limited number of mesodermal marker genes have been shown to be affected by inhibition of the FGF signaling pathway (Cornell and Kimelman, 1994; LaBonne et al., 1995) . Our experiments show that bik is a marker whose expression requires no input from the FGF signaling pathway at all.
Various transcription factors have been proposed to be involved in mediating a transcriptional response upon the reception of signals from TGF-b family members (reviewed by Derynck et al., 1998; Massague Â, 1998) . The best characterized protein involved in the transduction of signals of activin-type ligands is the winged helix factor FAST-1 that binds to the ARE of the Xenopus Mix2 promoter (Chen et al., 1996) . The bik U3 region contains a short stretch of homology to Mix2 precisely in the area of the FAST-1 binding site. Recent binding site selection experiments have revealed a consensus binding site for FAST proteins that is identical to the sequence in the bik promoter (Chen et al., 1997; Labbe Â et al., 1998) . We have shown here that the Xenopus FAST-1 protein can in fact bind in vitro speci®cally also to the ARE in the bik promoter. Furthermore, mutational analysis in animal caps derived from embryos injected with different reporter constructs has demonstrated that the FAST-1 binding site is absolutely required in vivo for the activin-mediated induction of the bik promoter. It has been demonstrated that FAST-1 binds to Smad2 thereby recruiting Smad2 and Smad4 into a complex binding the Mix2 ARE (Chen et al., 1997) . A dominant negative version of FAST-1 (SID) sequesters Smad proteins in the absence of DNA binding. By injection of an RNA encoding SID we showed that interference with normal signal transduction by Smad proteins severely disrupts bik expression in the zebra®sh. Recently, it has been demonstrated that Smad proteins can bind DNA also by themselves (Shi et al., 1998; ; reviewed by Derynck et al., 1998) . In the bik element we ®nd two consensus Smad binding sites¯anking the FAST binding site in the bik ARE by 6 and 9 bp, respectively. Attempts to test in our animal cap assay the effects of mutations in these sites did not yield unequivocal results (data not shown).
Our results are consistent with the hypothesis that the early mesendodermal expression pattern of bik emerges only through activation by the activin signaling pathway. Signals from the BMP and Wnt pathways, which are involved in dorsoventral patterning (reviewed by Harland and Gerhart, 1997; Heasman, 1997) , should result in a graded distribution of bik transcripts along the dorsoventral axis. Such a distribution is observed only transiently very early in development but has been observed for other markers as well (snail1, Thisse et al., 1993; Hammerschmidt and Nu Èsslein-Volhard, 1993; antivin, Thisse and Thisse, 1999) . One could speculate that the endogenous mesoderm-inducing agent(s) are concentrated higher or processed earlier at the dorsal side of the embryo. Since bik transcripts are later uniformly distributed, regulatory input from dorsoventral patterning systems is highly unlikely. During later development, bik expression seems to gradually fade from nearly all of the`older', differentiating mesodermal tissues. Expression is not down-regulated in particular tissues, like in the case of sna1, which becomes speci®cally down-regulated in axial tissues already early during gastrulation (Hammerschmidt and Nu Èsslein-Volhard, 1993; Thisse et al., 1993) . During early embryogenesis, the expression pattern of bik can thus be suf®ciently explained by stimulation through the activin signaling pathway although we cannot rule out additional regulatory input at these or later developmental stages. Assuming that only the activin/Vg1/nodal pathway is responsible for the expression of bik during early embryogenesis, bik expression could be regarded as an`in vivo reporter' for activin/Vg1/nodal signaling. In agreement with a role for nodal-like genes in the regulation of bik, mutants in a zebra®sh nodal homolog, squint, show a partial loss of bik expression during gastrulation (A.M.V. and M. Rebagliati, unpublished data) .
Strong embryonic expression has been reported of a number of vertebrate and invertebrate LTR-retroelements (Greene et al., 1993; Ding and Lipshitz, 1994; Mozer and Benzer, 1994; Bro Ènner et al., 1995) . Our analysis of structure and regulation of bik suggests that its mesendodermal expression could be a result of the combination of a strong core promoter (including a CAATT box, a perfect TATAbox and a strong initiator) with a short upstream sequence conferring activin responsiveness. Possibly, this simplistic explanation ± tissue-speci®c expression through combination of a strong core promoter with a coincidentally neighboring binding site for a transcriptional activator ± could be applied to the expression of other LTR-retroelements as well. It is further possible that embryonic cells are particularly prone to expression of LTR-retroelements because progressive steps of differentiation have not yet limited their transcriptional potential, for example through restriction of chromatin accessibility. The expression of LTRretroelements in adult tissues has not been extensively documented. However, bik expression in adult tissues is undetectable by Northern hybridization (A.M.V. and T.G., unpublished data). Human endogenous retrovirus (HERV) expression is generally very weak in adult tissues, but strong in neoplastic tissues (reviewed by Lo Èwer et al., 1996) . This ®nding is consistent with our hypothesis, since neoplasia is generally accompanied by dedifferentiation.
In this paper, we report the isolation of the ®rst LTRretroelement found in the zebra®sh genome. We describe its embryonic expression pattern and identify sequence elements that are responsible for the establishment of this pattern. While we do not assume that bik elements ful®ll a function during embryogenesis, they hold a large potential as experimental tools. Their strong expression in the early mesendoderm provides an easily detectable marker for this tissue. Similarly, bik expression can also serve as marker to identify the splanchnic mesoderm. Since all sequences necessary for the control of bik expression are located in the short U3 region of the LTR, the bik U3 can be used to direct expression of any transgene to the early mesendoderm. Especially a stable bik U3::GFP transgenic line would enhance the experimental value of bik and should be relatively easy to establish. In such an experimental system, activity of the bik promoter could be speci®cally used to monitor the activin signaling pathway. The high degree of sequence identity of the analyzed bik LTRs argues that they are derived from a relatively recent transposition event. Consequently, the distribution of bik elements in the genome is likely to differ between zebra®sh strains. bik elements could therefore be exploited as markers in the ongoing efforts to genetically map the zebra®sh genome.
Experimental
Differential display
Differential display RT-PCR, reampli®cation and cloning of ampli®cates was performed as described (Vogel and Gerster, 1997) , except that arbitrary primer II (TGGCGA-CACT) was used.
Library screens
Standard procedures were used to screen 150 000 plaques of a neurula stage lZAPII cDNA library (prepared by R. Riggleman and K. Helde; a gift of D. Grunwald) with the cloned BV2 ampli®cate. Subsequently, the longest isolated cDNA of ca. 3.2 kb (pBV2 1.5) was used to screen 300 000 plaques of a random primed cDNA library (a gift of C. Fromental-Ramain and P. Chambon) and 500 000 plaques of a zebra®sh genomic library (Stratagene).
Northern blotting, in situ hybridization, antibody stainings and sections
Northern blotting was performed according to standard procedures (Sambrook, et al., 1989) with pressure transfer (Stratagene). Transfer of equal amounts of total RNA was veri®ed by methylene blue staining of the blot. Hybridization was performed with a digoxigenin-labeled probe according to the manufacturers' recommendations (Boehringer Mannheim).
Antibody stainings and whole mount in situ hybridizations were performed as described (Hauptmann and Gerster, 1994) using NBT/BCIP and Fast Red as chromogenic substrates. A digoxigenin-labeled antisense RNA probe of the original PCR clone BV2 gave identical staining as the cDNA probe pBV2 1.5 used for most in situ hybridizations shown. Hybridization was at 558C. For immunohistochemistry, a polyclonal anti-Ntl antibody (Schulte-Merker et al., 1992, provided by M. Hammerschmidt) or the monoclonal antibody 9E10 directed against the myc epitope were used. Stained embryos were mounted in glycerol and photographed on a Nikon FXA photomicroscope equipped with Nomarski optics or on a Zeiss SV-11 dissecting microscope. For sectioning, embryos were dehydrated in methanol and embedded in Epon 512.
Reporter constructs
Reporter constructs BnbGal 1 239 and BGFP 1 239 were generated by replacing the CMV promoter of the CS2 1 derivatives CS2 1 nbGal and CS2 1 GFP (Rupp et al., 1994) , respectively, with a 1181 bp genomic fragment that contains 180 bp of¯anking genomic sequence, the entire U3 and 239 bp of the R region. The reporter plasmid Bglo 1 239 was derived from CS21 in an analogous fashion by replacing the CMV with the bik promoter and inserting a 1127 bp PvuII/EcoRI fragment containing exons 1±3 of the rabbit b-globin gene. Point mutations (Fig. 6A) were introduced using the Quikchange TM Site-Directed Mutagenesis Kit (Stratagene).
RNA and DNA microinjections
Plasmid DNA was puri®ed using the Plasmid Midi kit (Qiagen) or the Wizard TM miniprep system (Promega), linearized with SalI or ScaI, phenol/chloroform extracted, ethanol precipitated and resuspended in sterile quartz double distilled water. DNA concentration for injections was 100 ng/ml. Synthetic capped mRNAs were produced by in vitro transcription with the mMessage mMachinee kit (Ambion) from CS2MT-SID (Chen et al., 1997 ; a gift from M. Whitman) linearized with NotI; from pSP64T Z7ssh (coding for zebra®sh activin bB (Wittbrodt and Rosa, 1994 ; a gift from J. Wittbrodt), linearized with SalI, and from CS2 1 XFD, which was derived from pCSXFD (Amaya et al., 1991 ; a gift from M. Kirschner) by subcloning the XFD containing fragment into CS21 to reconstitute the SP6 promoter.
Standard procedures, with minor modi®cations, were used for microinjections (Hauptmann and Gerster, 1996) . Synthetic mRNAs coding for the following proteins were injected at the concentration given in brackets, if not speci®ed differently in the text: Activin bB (5 ng/ml); XFD (166 ng/ml); FAST-1 SID (250 ng/ml for whole embryos).
Animal cap assays
After microinjection at the 1±2 cell stage, where applicable, embryos were left to develop until 3:30 h (midblastula stage). Animal caps were prepared as described (SchulteMerker et al., 1992) except that they were cultured in L-15 medium (Gibco BRL) using Netwells (Costar). Batches of 15 caps were brie¯y transferred into L-15 and then into L-15 supplemented with 1 mg/ml BSA for incubation. When cycloheximide (CHX; Sigma) was used, caps were preincubated in medium containing 5 mg/ml CHX for 30 min before treatment with inducers. Caps were then incubated in L-15/ BSA containing a 1:100 dilution of activin-conditioned medium (Wittbrodt and Rosa, 1994 ; a gift from F. Rosa) and/or 100 ng/ml bFGF (Gibco BRL), and CHX, where applicable. Animal caps were harvested 90 min after the addition of growth factors.
RNA isolation and multiplex RT-PCR
Total RNA for RT-PCR was prepared from 5 embryos or 15 animal caps by homogenization in 100 ml Rapid RNA buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5% N-lauroylsarcosin sodium salt, 1% 2-mercaptoethanol), addition of 100 ml PEB (100 mM Tris (pH 8.9), 10 mM EDTA, 1% SDS, 200 mg/ml yeast tRNA), two extractions with water-saturated phenol/chloroform and one extraction with chloroform, followed by isopropanol precipitation. RNA was dissolved in 17 ml 1 £ RT buffer and digested with 7.5 U RNase-free DNaseI (Pharmacia) for 20 min at 378C. The reaction was stopped by adding 25 mM EDTA to a ®nal volume of 20 ml and incubation at 658C for 10 min. The RNA was split into two samples and was reverse transcribed using 100 U Superscript II reverse transcriptase (Gibco BRL) in 1 £ RT buffer, 10 mM DTT, 100 mM dNTPs and 5 mM random hexamer primers (Promega). Since bik as a repetitive element is very prone to DNA contaminations and contains no introns, a control reaction receiving no reverse transcriptase was always performed in parallel.
Conditions for PCR were: 5 ml reverse transcription product, 1 £ standard PCR buffer (Promega) containing 1.5 mM MgCl 2 , 200 mM dNTPs, 1 mM each primer, 1 U Taq polymerase (Promega) in 50 ml ®nal volume; cycling parameters: 2 min hot start at 948C using paraf®n wax beads (BDH); 35 £ (928C, 30 s; 558C, 1 min; 728C, 45 s); 728C, 5 min. Ampli®cation products were separated on 2% wide range/standard (3:1) agarose (Sigma) or on 6% polyacrylamide (30:1) gels.
Primers:
bik: BV2 LTR PE: ACAACACAAAGTACTAATC-TACGTAA BV2 LTR S: GGAGCAGACCGCGACCTT max (slightly modi®ed after Kelly et al., 1995) :MAXSP: GCCGAAGAATGAGCGACAAC MAX3P: GCTGCTGTGTGTGTGGTTTTTC ntl:NTLSP: CCAACGGGATTTAGTAGGATCGTC NTL3P: CACCCATTCACCGTTCACGTATT rabbit b-globin:GLO5P: GTGAGGAGAAGTCTGCGG-TCA GLO3P: ACAGCACAATAACCAGCACGTT 4.8. Electrophoretic mobility shift assays DNA (1±2 mg) from plasmids CS2MT-FAST1 or CS2MT-SID (Chen et al., 1997) were used to program a TnT rabbit reticulocyte in vitro transcription/translation system (Promega). Freshly translated lysates (3 ml) were incubated for 15 min on ice in 15 ml binding reactions containing 5 fmol of [ 32 P]endlabeled probes in 20 mM Tris (pH 8.0), 60 mM KCl, 0.1 mM EDTA, 4 mM MgCl 2 , 0.2 mM DTT, 100 mg/ml BSA, 4% Ficoll 400. The binding reactions were then loaded on 5% polyacrylamide (37.5:1) gels containing 2.5% glycerol. After running at 48C the gels were ®xed, dried and subjected to autoradiography.
